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SUMMARY 

1 

An i n v e s t i g a t i o n  was conduc ted   i n   t he   Lang ley   16 - foo t   t r anson ic   t unne l  to 
s tudy   d rag   r educ t ion   bene f i t s   due  to blowing  the je t  exhaus t s   ove r   t he   w ing   fo r  
a t r anspor t - type  wing-body c o n f i g u r a t i o n .   I n   t h i s   i n v e s t i g a t i o n  a combinat ion 
of a wing-body model and a powered-nacelle test r ig  was tested a t  Mach numbers 
of 0.50 and 0.80 a t  ang le s   o f  attack from -2O to-  4O and j e t  t o t a l - p r e s s u r e  
ratios from jet  off to 3 or 4 (depending  on Mach number) f o r  a v a r i e t y   o f  
n a c e l l e  locations r e l a t i v e  to t h e  wing. I n   a d d i t i o n ,   t h e   e x p e r i m e n t a l   r e s u l t s  
were mmpared   w i th   t he   p red ic t ions   ob ta ined  from s e v e r a l   t h e o r e t i c a l   t e c h n i q u e s .  
R e s u l t s   f r o m   t h i s   i n v e s t i g a t i o n   i n d i c a t e   t h a t   p o s i t i o n i n g  of t h e   n a c e l l e s  Inon- 
metric) c a n   h a v e   l a r g e   e f f e c t s   o n   t h e  wing-body d r a g .   S a n e   p o s i t i o n s   y i e l d e d  
h ighe r   d rag   t han   t he   base l ine   pos i t i on ,   whereas   o the r s   y i e lded  lower d r a g   t h a n  
t h e   b a s e l i n e   p o s i t i o n .   R e s u l t s   f r o m   t h e   t h e o r e t i c a l   i n v e s t i g a t i o n   i n d i c a t e   t h a t  
t h e   t h e o r e t i c a l  method  which u t i l i z e d  a q u a s i - v o r t e x - l a t t i c e   f o r   t h e  wing  and 
w i n g - j e t   i n t e r a c t i o n   i n   c o m b i n a t i o n   w i t h  a j e t  en t ra i rment   model   gave   genera l ly  
r easonab le   p red ic t ions   o f  t h e  drag   increments .  

INTRODUCTION 

The n a t i o n ' s  f l ee t  o f   t r a n s p o r t   a i r c r a f t  is becoming  evermore  dependent  on 
f o r e i g n  o i l  f o r  i ts fue l   supp ly .   The re   a r e  also i n c r e a s i n g  demands f o r   t h e  
f l e e t  to be more envi ronmenta l ly  acceptable. The  need fo r   t echno logy  to d e s i g n  
and b u i l d  a new g e n e r a t i o n   o f   t r a n s p o r t   a i r c r a f t  to meet t h e   t w i n   c h a l l e n g e s   o f  
reduced  fuel   consumption  and  environmental   acceptabi l i ty  has become acute. A s  
a part of an   overa l l   p rogram to deve lop   t h i s   t echno logy ,  NASA has  a concer ted  
e f for t  underway i n  t h e  area o f   p ropu l s ion   sys t em  in t eg ra t ion ,   one  area of empha- 
sis concent ra t ing   on   unconvent iona l   engine   a r rangements .  One o f   t he  most prom- 
i s i n g  of these   unconven t iona l   con f igu ra t ions  is the  over-the-wing ( O W )  a r range-  
ment i n  which  the  engine nacelles a r e  supported on  pylons  above t h e  wing upper 
s u r f a c e .  The e f f e c t   o f   b l o w i n g  a j e t  above a l i f t i n g   s u r f a c e  was f i r s t   i n v e s t i -  
gated  during  World War I1 ( re f .  1 )  i n   r e g a r d  t o  j e t  f l o w  o v e r   t a i l   s u r f a c e s .  
However, it was n o t   u n t i l   r e c e n t l y   t h a t   t h i s  type o f   c o n f i g u r a t i o n  was consid-  
e r e d   f o r   t r a n s p o r t s .   ( S e e   r e f s .  2 and 3 . )  T h i s   c o n s i d e r a t i o n  was due pri- 
m a r i l y  to t h e   e x p e c t e d   n o i s e   r e d u c t i o n   r e s u l t i n g   f r o m   t h e   s h i e l d i n g  of t h e  j e t  
exhaus t  by t h e  wing. I n   t h e s e   i n v e s t i g a t i o n s ,  i t  was d i s c o v e r e d   t h a t ,   i n   a d d i -  
t i o n  to t h e   a n t i c i p a t e d   n o i s e   r e d u c t i o n ,  t h i s  t y p e  of conf igu ra t ion   a r r angemen t  
r e s u l t e d   i n   i n c r e a s e d   l i f t  and  reduced  drag. A s  a r e su l t  of   these  aerodynamic 
g a i n s ,   t h e  vI;w 614 was des igned   and   bu i l t   w i th  O W  n a c e l l e s .  (See re€. 3 . )  
More r e c e n t l y ,   t h i s   c o n f i g u r a t i o n   a r r a n g e m e n t   h a s   b e e n   i n v e s t i g a t e d  for super-  
s o n i c   t r a n s p o r t  (SST) c o n f i g u r a t i o n s .   ( S e e   r e f s .  4 to 6.) 

Although  the VFW 614 is f l y i n g   w i t h  OTW nacelles and data have  been  pub- 
l i s h e d  for SST c o n f i g u r a t i o n s   w i t h  O W  n a c e l l e s ,   t h e r e  is a s c a r c i t y   o f  pub- 
l i s h e d   d a t a   o n   s u b s o n i c   t r a n s p o r t   c o n f i g u r a t i o n s .   T h i s  l a c k  o f   a v a i l a b l e  
expe r imen ta l  data h a s   h i n d e r e d   t h e   v e r i f i c a t i o n  of t h e   v a r i o u s   t h e o r e t i c a l   t e c h -  
n i q u e s   ( r e f s .  7 to 12)  which  have  been  developed to p r e d i c t   t h e   p e r f o r m a n c e  



g a i h s   f r m   t h e s e  types of   eng ine   a r angemen t s .   In   an   e f fo r t  to a l l e v i a t e   t h i s  
problem  and to g a i n   f u r t h e r   i n s i g h t   i n t o   t h e   m e c h a n i s n s   i n v o l v e d ,   a n  experi- 
m e n t a l   i n v e s t i g a t i o n  was i n i t i a t e d   i n   t h e   L a n g l e y   7 6 - f m t   t r a n s o n i c   t u n n e l .  
I n   t h i s   i n v e s t i g a t i o n   t h e  movable n a c e l l e   s u p p o r t   m e c h a n i s m   f i r s t   u s e d   i n   t h e  
i n v e s t i g a t i o n   o f   r e f e r e n c e  4 was modified to  incorporate nacelles typical of  
h igh -bypass - r a t io   t u rbo fan   eng ines .  By u s e   o f   t h i s  mechanism,   an  exis t ing wing- 
body model typical of a s u b s o n i c   t r a n s p o r t   c o n f i g u r a t i o n  was t e s t e d   w i t h   t h e  
n a c e l l e s   p o s i t i o n e d   o v e r   t h e  wing i n   s e v e r a l  locations. The results of t h i s  
i n v e s t i g a t i o n  were repor t ed   i n   r e f e rence   13 .   Unfo r tuna te ly ,   i n t e r f e rence   f rom 
t h e   s u p p o r t i n g / t r a n s l a t i n g  mechanism f o r   t h e   n a c e l l e s   i n v a l i d a t e d   t h e   m e a s u r e d  
total  d r a g   d a t a ,  and only   i rduced   drag  data were presented.   These data, how- 
eve r ,  showed t h a t   t h e   i n d u c e d   d r a g   f o r  most O W  n a c e l l e   c o n f i g u r a t i o n s   t e s t e d  
was lower t h a n   t h a t   f o r   t h e  basic wing-body. Because o f   t hese   f avorab le  
e f f e c t s ,  a s e c o n d   i n v e s t i g a t i o n  was i n i t i a t e d .   I n   t h i s   i n v e s t i g a t i o n ,   t h e  
r e s u l t s   o f  which are p r e s e n t e d   h e r e i n ,   t h e   b o a t t a i l e d  a f t  fuselage  of   the  model  
of   re fe rence   13  was replaced by a c y l i n d r i c a l   a f t   f u s e l a g e   w i t h  body  and  base- 
pressure ins t rumen ta t ion .   Wi th   t h i s  type o f   f u s e l a g e ,   t h e   i n t e r f e r e n c e   f r o m  
t h e   n a c e l l e   s u p p o r t i n g / t r a n s l a t i n g  mechanism shou ld   be   l imi t ed  to changes i n  
base p r e s s u r e s .  It shou ld ,   t he re fo re ,  be possible t o  e l i m i n a t e   t h e   n a c e l l e  
suppor t ing / t r ans l a t ing   mechan i sm  in t e r f e rence   on   t he   mode l   d rag  by c o r r e c t i n g  
f o r   t h e s e   b a s e - p r e s s u r e   d i f f e r e n c e s .  The revised  model  was t e s t e d   i n   t h e  
Langley   16- foot   t ransonic   tunnel  a t  Mach numbers  of 0.5 and 0.8 a t  angles   o f  
a t tack of -2O t o  4O w i t h  j e t  t o t a l - p r e s s u r e  ratios from je t  o f f  to a maximum of 
4,  depending  on Mach number and using  room-temperature   high-pressure a i r  to  s i m -  
u l a t e  t h e  j e t  e x h a u s t .   T h e   l o c a t i o n s   o f   t h e   n a c e l l e s   r e l a t i v e  t o  t h e  wing were 
chosen  on  the basis o f   t he  data of   re fe rence   13 .  

b 

CD 

c D , o  

*CD 

CL 

c, 

cP 

- 
C 

D 

Exp 

2 

SYMBOLS AND ABBREVIATIONS 

wing span,  91.44 cm 

d r a g   c o e f f i c i e n t  

d r a g   c o e f f i c i e n t  a t  z e r o   l i f t  

d r a g   c o e f f i c i e n t   i n c r e m e n t ,  CD - C D , ~  

l i f t   c o e f f i c i e n t  

pi tching-moment   coeff ic ient  

P - Pa 

s, 
p r e s s u r e   c o e f f i c i e n t ,  

wing  mean aerodynamic  chord,  16.21 cm 

nacelle e x i t  d i ame te r ,  5.08 cm 

exper imen ta l  
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The 

je t  o f f  

a x i a l   d i s t a n c e  f ram n o s e   o f   f u s e l a g e ,   p o s i t i v e   a f t  

Mach number 

n o z z l e   p r e s s u r e  ratio,  Pt , j /Pw 

over   the w i  ng 

static p r e s s u r e  on f u s e l a g e  

jet   total  p r e s s u r e  

f ree-stream stat ic  p r e s s u r e  

free-stream dynamic  pressure 

r a d i a l   d i s t a n c e  f ram c e n t e r   l i n e   o f   n a c e l l e  

wing area, 0.139 m2 

a x i a l   d i s t a n c e  from model s t a t i o n  80.77 cm, p o s i t i v e   a f t  

a x i a l   p o s i t i o n   o f   n a c e l l e   e x i t   w i t h  respect to local wing l e a d i n g  
e d g e ,   p o s i t i v e   a f t  

a x i a l   d i s t a n c e   f r o m   n o s e  of n a c e l l e ,   p o s i t i v e   a f t  

spanwise   pos i t i on  of n a c e l l e   e x i t   w i t h  respect to m o d e l   c e n t e r   l i n e  

v e r t i c a l   p o s i t i o n  of n a c e l l e   e x i t   w i t h  respect to wing  chord  plane,  
p o s i t i v e  up 

a n g l e  of attack 

mer id iona l   ang le   abou t  model a x i s ,   p o s i t i v e  c l o c k w i s e  when viewed 
from rear, 00 a t   top  of model 

APPARATUS AND PROCEDURE 

Wind Tunnel 

i n v e s t i g a t i o n  was conducted i n   t h e  Langley   16- foot   t ransonic   tunnel ,  
which is a s ingle- re turn ,   cont inuous- f law,   a tmospher ic   tunnel .  The test s e c t i o n  
is a r e g u l a r   o c t a g o n   i n  cross s e c t i o n ,   w i t h  slots a t  the c o r n e r s  of the   oc t agon .  
The tunnel   speed  can  be varied m n t i n u o u s l y  f ran a Mach  number of 0.20 to a Mach 
number of 1.30. F u r t h e r   d e s c r i p t i o n  of the   Lang ley  16-f oot t r a n s o n i c   t u n n e l   c a n  
be found i n   r e f e r e n c e s  14 to 16. 

3 

A 



Models  and  Support  System 

The  wing-body model w i t h   n a c e l l e s   a n d   n a c e l l e   s u p p o r t i n g / t r a n s l a t i n g  appa- 
r a t u s  mounted i n  the   Lang ley   16 - foo t   t r anson ic   t unne l  is shown i n  f i g u r e  1. A 
s k e t c h  of t h e  wing-body  model is shown i n   f i g u r e  2.  The  body  of t h e  model was 
123.95 cm l ong  and had a maximum diameter  of 12.45 cm. The  wing was swept back 
35O a t  t h e   q u a r t e r   c h o r d   a n d  had a wing area S of 0.139 m2, a n  aspect ra t io  of 
6, an NACA 63A008 a i r fo i l  s e c t i o n ,  a span  of 91.4 cm, a root chord of 21.77 cm, 
a t i p  chord  of  8.71 cm,  and a mean aerodynamic  chord  of  16.21 cm. The two 
nacelles were each  44.45 cm long  and  had a maximum diameter   of  7.11 cm and a j e t  
e x i t   d i a m e t e r  of 5.08 cm. The nacelle suppor t ing / t r ans l a t ing   appa ra tus   a l lowed  
3 degrees  of t r a n s l a t i o n a l  freedom i n   l o c a t i n g   t h e   n a c e l l e s  relative to t h e  
wing . 

Ins t rumen ta t ion   and   Tes t s  

The  wing-body  model was mounted on a s ix-component   s t ra in-gage.balance 
which was used to  measure  the  aerodynamic forces and m.oments. The   nace l les  
a n d   t h e i r   s u p p o r t i n g / t r a n s l a t i n g   a p p a r a t u s  were n o m e t r i c .  - I n  a d d f t i o n  to t h e  
b a l a n c e ,   t h e  top of t h e  a f t  f u s e l a g e  was ins t rumen ted   w i th  17 s t a t i c - p r e s s u r e  
taps, 2.54 cm apart ,  i n  a row s t a r t i n g  a t  model s t a t i o n  80.77 cm. The base 
was i n s t r u m e n t e d   w i t h   f o u r   b a s e - p r e s s u r e   o r i f i c e s ,   a n d   t h e   b a l a n c e   c a v i t y  was 
ins t rumented   wi th  t w o  s t a t i c - p r e s s u r e   t a p s  t o  f a c i l i t a t e   a d j u s t m e n t s  to t h e  
balance d a t a  to  free-s t ream s ta t ic  p r e s s u r e  a t  t h e  base and i n   t h e   c a v i t y .  

Tests were conducted i n  t h e  Langley   16- foot   t ransonic   tunnel  a t  Mach num- 
bers of 0.5 and  0.8, a t  a n g l e s  of attack f r m  -2O t o  4O, w i t h   n o z z l e  total-  
p r e s s u r e  ra t ios  from j e t  off to 3 a t  M = 0.5 and je t  o f f  t o  4 a t  M = 0.8 to  
s i m u l a t e  realist ic plume shapes  a t  t h e s e  Mach numbers. To f a c i l i t a t e   t h e   d e t e r -  
mina t ion  of p r o p u l s i o n   i n d u c e d   i n c r e m e n t s ,   i f   d e s i r e d ,   t h e  lowest j e t  on   nozz le  
p r e s s u r e  ratios t e s t ed   (1 .2  a t  M = 0.5 and  1.5 a t  M = 0.8) were chosen to 
s i m u l a t e   t h o s e  f r m  a €low-through nacelle. Gr i t  was app l%ed  to the   nose   and  
wings of t h e  model  according to t h e  methods of re ferences   17   and   18  t o  i n s u r e  
t u r b u l e n t   f l o w  a t  a l l  test c o n d i t i o n s .   W i t h   t h e   n a c e l l e   s u p p o r t   a p p a r a t u s  
a l lowing  3 deg rees  of t r a n s l a t i o n a l   f r e e d o m   i n   l o c a t i n g   t h e   n a c e l l e s   r e l a t i v e  
to t h e  wing, t h e  wing-body  model was t e s t e d   w i t h   t h e   c e n t e r l i n e  of t h e   n a c e l l e  
e x i t s   i n  a v a r i e t y   o f   l o c a t i o n s  as shown i n   t h e   f o l l o w i n g   t a b l e :  fi 1.5 
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PRESENTATION  OF  RESULTS 

The r e s u l t s  from t h i s   i n v e s t i g a t i o n  are p r e s e n t e d   i n   t h e   f o l l o w i n g   f i g u r e s :  

F igure  

Determina t ion   of  a b a s e l i n e  . . . . . . . . . . . . . . . . . . . . .  3 

E f f e c t  of n o z z l e   p r e s s u r e  ra t io  on  wing-body  aerodynamics . . . . . .  4 to 13 

Effect of n a c e l l e - e x i t   v e r t i c a l   l o c a t i o n   o n  wing-body aerodynamics . . 14 

Effec t   o f   nace l l e -ex i t   span   l oca t ion   on  wing-body aerodynamics . . . .  1 5  to 16 

Effect of n a c e l l e - e x i t   l o n g i t u d i n a l   l o c a t i o n   o n  wing-body 
aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 to 1 8 

E f f e c t  of n a c e l l e   p o s i t i o n  a t  CL = 0.3  on  wing-body d rag  . . . . . .  19 

E f f e c t   o f   n a c e l l e   i n s t a l l a t i o n  and je t  ope ra t ion   on   a f t - fuse l age  
p r e s s u r e s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

Compar ison   of   exper imenta l ly   and   theore t ica l ly   de te rmined   drag  
increments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

E f f e c t   o f   n a c e l l e  shape on t h e o r e t i c a l l y   d e t e r m i n e d   f u s e l a g e  
p r e s s u r e   c o e f f i c i e n t s  . . . . . . . . . . . . . . . . . . . . . . .  22 

DISCUSS ION 

Base l ine   De te rmina t ion  

To assess t h e   e f f e c t i v e n e s s  of OTW nacelles i n   r e d u c i n g   d r a g ,  a b a s e l i n e  
must be es tab l i shed   wi th   which  comparisons can be made. In   r e f e rence   13 ,  model 
t o t a l  d r a g   c o e f f i c i e n t s  were not presented .   Only   induced   drag   coef f ic ien ts  
were presented   because  of a n   i n t e r f e r e n c e   e f f e c t  from t h e   n a c e l l e   s u p p o r t i n g /  
t r a n s l a t i n g   a p p a r a t u s  which  propagated forward and   changed   the   p ressure   f ie ld  
f e l t  by t h e   b o a t t a i l e d  a f t  f u s e l a g e .   T h i s   c h a n g e   i n   t h e   p r e s s u r e   f i e l d   t h u s  
changed  the  measured drag on t h e  model. Thus ,   in te r fe rence  varied w i t h   n a c e l l e  
p o s i t i o n  as the   suppor t ing / t r ans l a t ing   appa ra tus   changed   pos i t i on .   S ince   t he re  
was no pressure i n s t r u m e n t a t i o n   o n   t h i s   a f t   f u s e l a g e ,   t h e r e  was no way to cor- 
rect t h e   d r a g   c o e f f i c i e n t   d a t a  for t h i s   e f f e c t .  F o r   t h e   c u r r e n t   i n v e s t i g a t i o n ,  
a new cylirdrical a f t   f u s e l a g e  was c o n s t r u c t e d   w i t h   e x t e n s i v e   p r e s s u r e   i n s t r u -  
m e n t a t i o n .   W i t h   t h i s   c y l i n d r i c a l   f u s e l a g e ,   t h e   p r i m a r y  area a f f e c t e d  by t h e  
d rag   i n t e r f e rence   shou ld   be   t he   base ,  and with  the  base-pressure  measurements ,  
c o r r e c t i o n  for t h i s   i n t e r f e r e n c e  is possible. To assess t h e   e f f e c t   o f   t h e  
n a c e l l e   s u p p o r t   s y s t e m ,   t h e  nacelles, nacelle suppor t  b o o m s ,  and  pylons were 
removed, l e a v i n g   o n l y   t h e   a f t   s u p p o r t i n g / t r a n s l a t i n g   m e c h a n i s m s .   T e s t s  were 
made w i t h   t h e s e   s u p p o r t s   i n   t h e   l o c a t i o n s   c o r r e s p o n d i n g  to t h e   l o c a t i o n s   f o r  
t h e   v a r i o u s   n a c e l l e   p o s i t i o n s  (a total of 10) .  The d a t a   o b t a i n e d  are shown i n  
f i g u r e  3 a t  both M = 0.5 and M = 0.8. As can  be s e e n ,   t h e   l i f t ,   d r a g ,  and 
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p i t c h i n g - m a n e n t   c o e f f i c i e n t s ,  after c o r r e c t i o n   f o r   b a s e - d r a g   e f f e c t s ,  are not  
s i g n i f i c a n t l y   a f f e c t e d  a t  e i t h e r  Mach number by movement o f   t h i s   s u p p o r t i n g /  
t r a n s l a t i n g   a p p a r a t u s .   V i r t u a l l y  a l l  t h e   d a t a   f a l l   w i t h i n   t h e   n o r m a l  wind- 
tunnel   accuracy   of  20.5 p e r c e n t .   T h e r e f o r e ,   t h e   a v e r a g e   c o e f f i c i e n t   c u r v e s  
(both  M = 0.5 and 0.8) for the  10 r u n s ,  plotted as s o l i d  l i n e s   i n   f i g u r e   3 ,  
w i l l  be  used as t h e   b a s e l i n e  for comparison purposes i n   s u c c e e d i n g   f i g u r e s .  
I n  a d d i t i o n ,   a s  a fu r the r   check  on t h e   e f f e c t i v e n e s s  of the   base  and c a v i t y  
c o r r e c t i o n s ,   t h e  wing-body was t e s t e d   w i t h   t h e   s u p p o r t i n g / t r a n s l a t i n g  apparatus 
removed,  and t h e s e  data are plotted as the  dashed lines i n   f i g u r e  3.  Again, 
t h e s e   d a t a   f a l l  well with in   20 .5   percent .  

E f f e c t  of Nozzle Pressure Ratio 

Wing-body l i f t ,   d r a g ,  and p i t c h i n g - m m e n t   c h a r a c t e r i s t i c s   o f   t h e   v a r i o u s  
c o n f i g u r a t i o n s  are shown i n   f i g u r e s  4 to 13   fo r   t he   va r ious   nozz le  pressure 
rat ios  i n v e s t i g a t e d  a t  both  M = 0.5  and 0.8. The e f f e c t   o f   n o z z l e  pressure 
ra t io  on   each   i nd iv idua l   con f igu ra t ion  w i l l  no t  be d i s c u s s e d   b u t   t h e   e f f e c t s   o n  
a t y p i c a l   c o n f i g u r a t i o n  (x/D = 1 ,  2y/b = 0.25, z/D = 7 )  shown i n   f i g u r e  6 are 
d iscussed .  For the   range   of  pressure ratios i n v e s t i g a t e d ,  a large i n c r e a s e   i n  
d r a g   c o e f f i c i e n t   o c c u r s  when t h e  j e t  is f i r s t   t u r n e d   o n ,   w i t h   g e n e r a l l y   o n l y  
s l i g h t   c h a n g e s  as t h e   p r e s s u r e  ratio is increased  above  the simulated flow- 
through  nozzle pressure ratios.  When compared w i t h   t h e   b a s e l i n e ,  it appears 
f r o m   t h e s e   d a t a   t h a t   t h e   s o l i d   b l o c k a g e   i n t e r f e r e n c e   e f f e c t   o f   t h e   p r e s e n c e   o f  
t h e   n a c e l l e s  and  law  energy wake is h i g h l y   b e n e f i c i a l  to t h e  wing-body drag,  and 
ope ra t ion   o f   t he  j e t  t ends  to reduce t h i s   b e n e f i c i a l   e f f e c t .   A l t h o u g h   t h e   l a r g e  
b e n e f i c i a l   i n t e r f e r e n c e   e f f e c t   o f   t h e   i n s t a l l a t i o n   o f   t h e   n a c e l l e s  was not  
t o t a l l y   a n t i c i p a t e d ,   t h e   e f f e c t  is seen   for  most o f   t he  10 n a c e l l e   p o s i t i o n s  
t e s t ed .   Whe the r   t he re  is a c o r r e s p o n d i n g   d e t r i m e n t a l   e f f e c t   o n   t h e   n a c e l l e s  
themselves is unknown since t h e  Mcelles were, of   necessi ty ,   nonmetr ic .   Another  
i n t e r e s t i n g   b u t  smaller e f f e c t  is s e e n ,   e s p e c i a l l y  a t  M = 0.8; t he   d rag   cu rves  
r e m a i n   e s s e n t i a l l y   t h e  same fo r   j e t -on   nozz le  pressure ratios of 3 and below, 
whereas  the  drag a t  a nozzle  pressure ra t io  of  4 is h igher .  I t  is b e l i e v e d   t h a t  
t h i s  phenomenon is a n   i r d i c a t i o n   t h a t   t h e  jet  plume h a s   s p r e a d   s u f f i c i e n t l y  a t  
the   h igh   nozz le  pressure  ratio so t h a t  it h i t s   t h e  wing  and results i n  a scrub-  
bing drag and p o s s i b l y  a wave d r a g   t h a t  are not  found a t  the  lower nozz le  pres- 
sure ratios.  Care s h o u l d ,   t h e r e f o r e ,  be e x e r c i s e d   i n  the d e s i g n   o f   f u l l - s c a l e  
a i r c r a f t   c o n f i g u r a t i o n s  to i n s u r e   t h a t   t h e  plume a t  the   eng ine   ope ra t ing   nozz le  
pressure ra t io  w i l l  not  impinge on t h e  wing. 

A s  w i t h   d r a g   c o e f f i c i e n t ,   t h e r e  is a r e l a t i v e l y   l a r g e   e f f e c t   o n  nose-down 
p i t c h i n g   m m e n t  when t h e  j e t  is turned  on,   and  then  only  very  minor   changes  with 
i n c r e a s e s   i n   n o z z l e  pressure rat io .  Jet o p e r a t i o n   h a s   o n l y  a small e f f e c t   o n  
t h e   s t a b i l i t y   o f   t h e   c o n f i g u r a t i o n .   T h e   l i f t   c u r v e s   g e n e r a l l y  show on ly  small 
c h a n g e s   i n   l e v e l   w i t h   n o z z l e   p r e s s u r e  ra t io  b u t   r e t a i n   a p p r o x i m a t e l y   t h e  same 
slope. These resu l t s  are e n c o u r a g i n g   i n   t h a t   t h e r e  are no large c h a n g e s   i n  sta- 
b i l i t y  which would have to be d e a l t   w i t h   f o r  a c o n f i g u r a t i o n   u t i l i z i n g   t h i s  type 
of engine  arrangement.  

S ince   changes   in   nozz le  pressure ra t io ,  once  the je t  has  been  turned  on, 
have  only small e f f e c t s  on wing-body  aerodynamic c h a r a c t e r i s t i c s ,  a l l  f u r t h e r  
comparisons  between  various nacelle p o s i t i o n s  w i l l  be   p resented  a t  c o n s t a n t  
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va lues  of n o z z l e   p r e s s u r e  ratio.  I t  is a n t i c i p a t e d   t h a t  a typical f u t u r e  
h igh-bypass- ra t io   engine  w i l l  d e l i v e r  a c o n s t a n t   t o t a l - p r e s s u r e  r i s e  f a c t o r  of 
approximately  1.6  over its subson ic  Mach  number opera t ing   envelope .  Th i s  total- 
p r e s s u r e  rise factor t r a n s l a t e s   i n t o   n o z z l e   p r e s s u r e  ra t ios  approximate ly  2.0 a t  
M = 0.5  and  2.5 a t  M = 0.8. These,   then, are the   nozz le   p re s su re  ratios a t  
which  the  comparison  data w i l l  be   p re sen ted .  

E f f e c t  of Nacelle Height  

The effects of n a c e l l e - e x i t   v e r t i c a l   l o c a t i o n  on  wing-body c h a r a c t e r i s -  
t ics a t  Mach numbers of  0.5  and 0.8 f o r   c o n f i g u r a t i o n s   w i t h   t h e   n a c e l l e   e x i t s  
a t  x/D = 0 and  2y/b = 0.25  are  shown i n   f i g u r e  14 .  A s  would be expec ted ,  
t he   Conf igu ra t ion   w i th   t he  nacelle e x i t s  a t  z/D = 0.5   (equiva len t  to upper 
s u r f  ace b lowing)   has   the   h ighes t   d rag   because   o f   the   sc rubbing   drag   assoc ia ted  
w i t h   t h e  je t  washing  the  wing. The t w o  o t h e r   c o n f i g u r a t i o n s   e x h i b i t   p r o g r e s -  
s i v e l y  lower drag  as t h e   n a c e l l e s  are raised  above  the  wing.  The t r e n d  for 
nace l l e   he igh t   above   t he   w ing ,   t he re fo re ,  is t h a t  as the  nacelles are r a i s e d  
above  the  wing,  and  hence as t h e  j e t  moves away f r o m   t h e  surface of   the   wing ,  
t h e   d r a g  is reduced.  However, i n   t h e   r a n g e  of c r u i s e  l i f t  c o e f f i c i e n t s   a r o u n d  
0.3, t h e   d r a g   o f   t h e  z/D = 1 . 5   c o n f i g u r a t i o n  is not  much lower   t han   t ha t   o f  
t h e  z/D = 1 c o n f i g u r a t i o n ,   e s p e c i a l l y  a t  M = 0.5. The e f f e c t s   o f   n a c e l l e -  
e x i t   v e r t i c a l   p o s i t i o n  on t h e  wing-body l i f t  and  pitching-moment c h a r a c t e r i s t i c s  
a r e   s m a l l  a t  both Mach numbers. 

E f f e c t  of Nacelle Span  Location 

Nace l l e -ex i t   span - loca t ion  effects ( s p a n   l o c a t i o n s  of 2y/b = 0.25  and  0.5) 
on  wing-body  aerodynamic  character istics f o r   c o n f i g u r a t i o n s   w i t h  z/D = 1 ,  
x/D = 0, and x/D = 1 a t  Mach numbers of 0.5  and 0.8 a r e  shown i n   f i g u r e s   1 5  
and 16 .  For  both x/D = 0 and x/D = 1 c o n f i g u r a t i o n s ,  there are s i g n i f i c a n t  
r e d u c t i o n s   i n   d r a g  when t h e  nacelles are moved outboard.  It  is be l i eved  t h a t  
there are a t  l eas t  two f a c t o r s  which   cont r ibu te  to t h e  b e n e f i t s   s e e n  from t h e  
o u t b m r d   l o c a t i o n .  The b e n e f i c i a l   s o l i d   b l o c k a g e   i n t e r f e r e n c e  from t h e  presence  
of t h e   n a c e l l e s   c a n   p r o p a g a t e   f u r t h e r   o v e r   t h e  wing before i n t e r a c t i n g  w i t h  t h e  
e f fec t  of  the  body. Also, the  f low-channe l ing   e f f ec t  due to the   p rox imi ty  of 
t h e   n a c e l l e  and  body is e l i m i n a t e d  by the   ou tboard   p lacement .  

A t  t h i s   p o i n t ,  it shou ld  be mentioned t h a t  a t  l i f t   c o e f f i c i e n t s   n e a r  0 .3 ,  
t h e   d r a g  of t h e  x/D = 0 c o n f i g u r a t i o n   w i t h   t h e   n a c e l l e   e x i t s  a t  z/D = 1 and 
2y/b = 0.5 is lower a t  both M = 0.5  and 0.8 than  t h a t  f o r   t h e   b a s e l i n e  wing- 
body. A t  x/D = 1 , bo th  t h e  2y/b = 0.25  and  2y/b = 0.5  configurat ions  have 
lower d r a g   t h a n   t h e  baseline wing-body over almost t h e  whole CL r a n g e ,   t h e  
2y/b = 0 . 5   c o n f i g u r a t i o n   h a v i n g   s u b s t a n t i a l l y  lower d r a g   t h a n   t h e   b a s e l i n e   i n  
t h e   r a n g e   o f   l i f t   c o e f f i c i e n t s  for c r u i s e .  Since it was shown i n   f i g u r e  6 t h a t  
f o r   t h e   c o n d i t i o n s   c o n s i d e r e d   h e r e i n ,  j e t  o p e r a t i o n   h a s  a d e t r i m e n t a l   e f f e c t   o n  
wing-body drag ,   these   improvements   in   d rag   over  the  b a s e l i n e  wing-body  must be 
due to a v e r y   l a r g e   b e n e f i c i a l   i n t e r f e r e n c e  effect on t h e  wing  caused by t h e  
presence  of t h e  nacelles. A s  mentioned  before,   whether  there is a correspond-  
i n g   d e t r i m e n t a l   e f f e c t   o n   t h e   n a c e l l e s   t h e m s e l v e s  is unknown s i n c e   t h e   n a c e l l e s  
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were, of n e c e s s i t y ,   n o m e t r i c .   F u r t h e r   r e s e a r c h  i s  necessa ry  t o  d e t e r m i n e   t h e  
co r re spond ing   fo rces   and  moments o n   t h e   n a c e l l e s   o f   c o n f i g u r a t i o n s   i n c o r p o r a t i n g  
t h i s   t y p e  of engine  arrangement .  

Al though  there  are  l a r g e   e f f e c t s   o f   s p a n   l o c a t i o n   o n   d r a g ,   t h e   l i f t   a n d  
p i t c h i n g - m o m e n t   c h a r a c t e r i s t i c s   f o r   t h e s e   c o n f i g u r a t i o n s  (as well as p r e v i o u s l y  
discussed conf igu ra t ions ,   wh ich  do n o t   e x h i b i t   r e d u c t i o n s   i n   d r a g   t h a t  are as 
s i g n i f i c a n t  as these )   change   on ly   s l i gh t ly ,   i f  a t  a l l .  T h e   t r e n d   i n   p i t c h i n g -  
mcnnent c o e f f i c i e n t   w i t h   s p a n   l o c a t i o n   f o r   b o t h  x/D = 0 and x/D = 1 conf ig-  
u r a t i o n s  is f o r   t h e   c o n f i g u r a t i o n s  to have more nose-down  moments a t  2y/b = 0.5 
t h a n  a t  2y/b = 0.25,   whereas   the  s lope  remains about t h e  same a t  bo th   pos i -  
t i o n s .  The slopes of   the   p i tch ing-moment   coef f ic ien t   curves  for a l l  fou r  con- 
f i g u r a t i o n s  are somewhat less t h a n   t h a t   f o r   t h e  wing-body a lone .  The effect of 
spanwise movement of t h e   n a c e l l e s   o n   t h e  wing-body l i f t   c o e f f i c i e n t  is small a t  
both  x/D = 0 and x/D = 1 .  I n   a d d i t i o n ,   t h e   l i f t   c u r v e s   f o r  a l l  four conf ig-  
u r a t i o n s  are ve ry  close to  t h a t  of t h e   b a s e l i n e  wing-body. 

E f f e c t   o f  Nacelle L o n g i t u d i n a l   L o c a t i o n  

F i g u r e s   1 7   a n d   1 8   p r e s e n t   t h e   e f f e c t   o f   n a c e l l e   l o n g i t u d i n a l   l o c a t i o n   o n  
wing-body  aerodynamic  character istics f o r   c o n f i g u r a t i o n s   w i t h   t h e   n a c e l l e s  a t  
2y/b = 0.25  and 0.5, r e s p e c t i v e l y  (z/D = 1 f o r  a l l  c o n f i g u r a t i o n s ) .  As can  be 
s e e n   f r o m   f i g u r e   1 7 ,   t h i s   p o s i t i o n   v a r i a b l e  was e x t e n s i v e l y   i n v e s t i g a t e d  a t  
2y/b = 0 .25 .   Th i s   ex t ens ive   i nves t iga t ion  was due i n   p a r t  to t h e  resul ts  from 
t h e  test r e p o r t e d   i n   r e f e r e n c e   1 3   w h i c h   i n d i c a t e d   t h a t  moving t h e   n a c e l l e s   a f t  
caused a r educ t ion   i n   i nduced   d rag .  The c u r r e n t   d a t a   i n d i c a t e   t h a t  as the  
n a c e l l e s  are moved a f t  from x/D = -1 , t he   d rag  polars i n i t i a l l y   t e n d  to change 
so t h a t   t h e   d r a g   c o e f f i c i e n t s  a t  cruise l i f t  coe f f i c i en t s   ( e .g . ,   0 .3 )  are lower 
as t h e   n a c e l l e s  are moved a f t .  A t  n a c e l l e   e x i t   l o c a t i o n s  of x/D b 1 a f t  of 
the   l ead ing   edge ,   the   shape   of   the   d rag  polars begins  to change so t h a t   t h e r e  
a r e   c r o s s - o v e r s   i n   r e l a t i v e   p o s i t i o n   w i t h   d i f f e r e n t   n a c e l l e   e x i t   p o s i t i o n s  hav- 
ing  lawer drag a t  d i f f e r e n t   l i f t   c o e f f i c i e n t s .  Also t h e   r e l a t i v e   p o s i t i o n s   o f  
t h e   p o l a r s  are n o t   e x a c t l y   t h e  same a t  bo th  Mach numbers.  However, a t  bo th  
M = 0.5  and 0.8 and a t  l i f t   c o e f f i c i e n t s  above  approximately 0 .2 ,  t h e  
x/D = 1 .5   conf igu ra t ion   has   t he  lowest drag   of   any   of   th i s  series. I n  addi- 
t i o n ,  when the  Mcelle e x i t s  are moved from x/D = 2 to  x/D = 3 ,   t he   gene ra l  
t rend   of  a r e d u c t i o n   i n   d r a g   w i t h   a f t  movement is reve r sed .  The r e a s o n   f o r   t h e  
r e v e r s a l   i n   t r e n d  is not clear a t  p r e s e n t .  It should,  however , be  noted  that  
s e v e r a l   o f   t h e   c o n f i g u r a t i o n s   w i t h   n a c e l l e   e x i t s   a f t   o f   t h e   l e a d i n g   e d g e   h a v e  
d r a g   c o e f f i c i e n t s   i n   t h e  cruise range  which are lower than   t he   base l ine  wing- 
body d r a g   c o e f f i c i e n t s   f o r   b o t h  Mach numbers   inves t iga ted .   This  result  a g a i n  
i n d i c a t e s   t h a t  a t  t h e s e   p o s i t i o n s ,   t h e   b e n e f i c i a l   i n t e r f e r e n c e   e f f e c t  from 
t h e   p r e s e n c e   o f   t h e   n a c e l l e s  more than   ove rcomes   t he   adve r se   e f f ec t s   o f  j e t  
o p e r a t i o n .  

A t  t he   50 -pe rcen t   s emispan   pos i t i on   ( f ig .  18) , only two a x i a l   n a c e l l e - e x i t  
l o c a t i o n s  were i n v e s t i g a t e d :  x/D = 0 and x/D = 1 . As wi th   t he  2y/b = 0.25 
c o n f i g u r a t i o n s ,   t h e  x/D = 1 c o n f i g u r a t i o n   h a s   s u b s t a n t i a l l y  lower drag  than 
t h e  x/D = 0 c o n f i g u r a t i o n  a t  both Mach numbers.  Although  the optimum a x i a l  
l o c a t i o n  a t  2y/b = 0.5 was not   determined,   the  x/D = 1 conf igu ra t ion   does  

8 



have  the  lowest   drag of any of t h e   n a c e l l e - e x i t   p o s i t i o n s  tested, and t h e  drag  
is s u b s t a n t i a l l y   b e l o w   t h a t  of t h e   b a s e l i n e  wing-body. 

A t  both  2y/b = 0.25  and  0.5,  there are on ly  minor effects of   nace l le   lon-  
g i t u d i n a l   l o c a t i o n  on  wing-body  pitching-moment c o e f f i c i e n t   w i t h   t h e   e x c e p t i o n  
of t h e   c o n f i g u r a t i o n   w i t h  x/D = 3 a t  2y/b = 0.25.  For t h i s   c o n f i g u r a t i o n ,  
t h e r e  is a n   i n c r e a s e   i n   t h e  nose-down p i t c h i n g   m m e n t   o v e r   t h a t  for t h e   o t h e r  
c o n f i g u r a t i o n s  a t  both Mach numbers.  The c a u s e s   f o r   t h i s   s h i f t  are p r o b a b l y   t h e  
same as t h o s e  for t h e   r e v e r s a l  of t h e   d r a g   c o e f f i c i e n t   t r e n d   w i t h   t h i s   c o n f i g u -  
r a t i o n   a n d ,  as such,  have not been   i den t i f i ed .  A f t  movement of t h e  nacelles 
caused  an increase i n   l i f t  a t  z e r o   a n g l e   o f   a t t a c k   w i t h o u t   c h a n g i n g   t h e   l i f t -  
curve  slope f o r  a l l  c o n f i g u r a t i o n s  a t  both  2y/b = 0.25  and  2y/b = 0.5. 

E f f e c t  of Nacelle P o s i t i o n  a t  CL = 0.3 

Summary plots o f   t h e   t r e n d s   i n  wing-body d rag   w i th  nacelle p o s i t i o n  a t  a 
t y p i c a l   c r u i s e  CL of  0.3 f o r   b o t h  M = 0.5  and 0.8 are shown i n   f i g u r e   1 9 .  
F igure   19  (a) shows t h e   e f f e c t   o f   n a c e l l e   v e r t i c a l   p o s i t i o n  a t  x/D = 0 and a t  
2y/b = 0.25,   with  the z/D = 1 .5   conf igu ra t ion   hav ing   t he  lowest drag of t h i s  
series.  N o  pos i t ions   above  z/D = 1.5 were t e s t e d ,   b u t   t h e   s h a p e  of the   cu rves  
a t  both  M = 0.5  and 0.8 i n d i c a t e   t h a t   p o s s i b l y   t h e  minimum d r a g   c o e f f i c i e n t  
has   been  reached.   Figure  19(b)  s h o w s  t h e   e f f e c t  of n a c e l l e - e x i t   s p a n   l o c a t i o n  
a t  bo th  x/D = 0 and x/D = 1 for c o n f i g u r a t i o n s  w i t h  z/D = 1 .  A s  mentioned 
i n   t h e   p r e v i o u s   d i s c u s s i o n ,   t h e   t r e n d  is f o r   t h e  wing-body d r a g   c o e f f i c i e n t  to 
be  reduced as t h e   n a c e l l e s  are moved outboard .   F igure   19  (c) shows t h e  e f f e c t   o f  
n a c e l l e - e x i t   l o n g i t u d i n a l   p o s i t i o n   o n  wing-body d r a g   c o e f f i c i e n t  for conf igura-  
t i o n s  w i t h  2y/b = 0.25  and z/D = 1.  Again,   the x/D = 1 .5   conf igu ra t ion   has  
t h e  lowest d r a g   f o r   t h i s   l i f t   c o e f f i c i e n t  of a l l  t h e   l o n g i t u d i n a l   p o s i t i o n s  
t e s t e d   a t  2y/b = 0.25. Also i n d i c a t e d   i n   f i g u r e   1 9  is t h e   d r a g   o f   t h e   b a s e l i n e  
wing-body c o n f i g u r a t i o n  a t  CL = 0.3 and ,   as   can   be   seen ,   there  are s e v e r a l  
n a c e l l e   l o c a t i o n s   w i t h  jets ope ra t ing   wh ich   y i e ld  lower d r a g   t h a n   t h e   b a s e l i n e  
wing-body c o n f i g u r a t i o n .  

A f t  Fuse l age   P res su res  

The p res su re   coe f f i c i en t s   measu red   w i th   t he  row o f   s t a t i c - p r e s s u r e   t a p s  
a l o n g   t h e   t o p   o f   t h e   a f t   f u s e l a g e  are shown i n   f i g u r e  20 a t   b o t h  Mach numbers 
and  an  angle   of  at tack of about  Oo. Two g e n e r a l  comments can be made concern- 
i n g   t h e s e  data. For a l l  c o n f i g u r a t i o n s ,   t h e   i n s t a l l a t i o n  of t h e   n a c e l l e s  
r e s u l t s   i n   h i g h e r   p r e s s u r e   c o e f f i c i e n t s   o v e r  most o f   t h e   a f t   f u s e l a g e   w h e r e a s  
t h e   o p e r a t i o n  of t h e  je ts  reduces  the level s l i g h t l y .   T h i s   c o n d i t i o n  corre- 
sponds to t h e   e f f e c t s   i n  wing-body d rag ,  as shown i n   f i g u r e  6. When t h e  
n a c e l l e s  were i n s t a l l e d ,   t h e   d r a g  was s u b s t a n t i a l l y   r e d u c e d   b u t  j e t  o p e r a t i o n  
had a d e t r i m e n t a l   e f f e c t .  Also, t h e  two aftmost n a c e l l e   p o s i t i o n s  tested a t  
2y/b = 0.25 (x/D = 2 and 3)  show v e r y   l a r g e   p o s i t i v e   p r e s s u r e  r ises toward t h e  
b e g i n n i n g   o f   t h e   a f t   f u s e l a g e   w i t h   t h e   i n s t a l l a t i o n   o f   t h e  nacelles. This  
r e s u l t  appears to p r o v i d e  some i n s i g h t  as to t h e  possible mechanism by which t h e  
i n s t a l l a t i o n   o f   t h e  nacelles y i e l d s   d r a g   r e d u c t i o n s ,   t h a t  is, by p ropaga t ing  a 
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p o s i t i v e  pressure f i e l d   o v e r   t h e  wing and  body.  The conf igura t ions   which  
have   t he  lowest d r a g   h a v e   t h i s   p o s i t i v e   p r e s s u r e   f i e l d   o v e r   t h e  wing  (e.g., 
x/D = 1.5 a t  2y/b = 0.25) .  

T h e o r e t i c a l   I n v e s t i g a t i o n  

There are several theo re t i ca l   me thods   wh ich   have   been   spec i f i ca l ly   deve l -  
oped to predict t h e  drag increments   due to t h e   u s e  of je ts  blowing over a wing. 
Canpar i s o n s  of the   d rag   i nc remen t s   p red ic t ed  by the  methods of r e f e r e n c e s  7, 10,  
a n d   1 2   w i t h   t h e   e x p e r i m e n t a l   d a t a   f o r   t h e  10 c o n f i g u r a t i o n s   t e s t e d  are shown i n  
f i g u r e  21 (M = 0.5, pt,j/p, = 2.0  and M = 0.8 ,  pt,j/p, = 2.5) . The  method 
of r e f e r e n c e  7 u s e s  a v o r t e x - l a t t i c e   r e p r e s e n t a t i o n  of t h e  wing l i f t i n g   s u r f a c e  
and a l i n e   s i n k - s o u r c e   d i s t r i b u t i o n  to s i m u l a t e   t h e  effects of t h e  je t  exhaus t  
on  the  wing l i f t  and  drag.  The  method is l i m i t e d  to t h o s e  cases where t h e  j e t  
exhaust   does  not i n t e r s e c t  or wash t h e  wing. The method  of  reference 10 uses  
a q u a s i - v o r t e x - l a t t i c e   r e p r e s e n t a t i o n  for t h e  wing   and   wing- je t   in te rac t ion   due  
t o  d i f fe rences   be tween  the  je t  and  free-stream  dynamic pressures and Mach num- 
be r s   i n   combina t ion   w i th   an   en t r a inmen t   t heo ry  for t h e  effects of j e t  e n t r a i n -  
ment  on  the  wing. The method of r e fe rence   12  is t h e  same as t h a t  of r e f e r -  
ence   10   wi th   the   addi t ion  of t h e   c a p a b i l i t y  of inc lud ing   t he   fu se l age .   Bo th  of 
these  methods a l lm t h e  j e t  to wash the  wing. However, these   th ree   methods   do  
n o t   i n c l u d e   t h e   n a c e l l e s   i n   t h e   c a l c u l a t i o n s .  

Gene ra l ly ,  a l l  three  methods are somewhat optimistic wi th   r ega rd  to t h e  
p red ic t ed   d rag   i nc remen t s .  The  method  of   reference  10  general ly   gives   reason-  
able predic t ions :   the   method of r e f e r e n c e  7, somewhat worse p r e d i c t i o n s   ( n o t  
shown f o r  a l l  c o n f i g u r a t i o n s   t e s t e d ) ;   a n d   t h e   m e t h o d  of r e f e r e n c e   1 2 ,   t h e  poor- 
est p r e d i c t i o n s  of the   d rag   increments .  The reason  for t h e   d e t e r i o r a t i o n   o f  
p r e d i c t i o n   c a p a b i l i t y   w i t h   t h e   a d d i t i o n  of t h e   f u s e l a g e   i n   g o i n g   f r o m   t h e   m e t h o d  
of   reference  10 to  t h a t  of re ference   12  is not   comple te ly  clear. However, it 
m u s t  be n o t e d   t h a t   t h e   i n s t r u c t i o n s   i n   r e f e r e n c e   1 2  s ta te  t h a t   t h e  wing  should 
n o t   i n t e r s e c t   t h e   f u s e l a g e ,   b u t  when a test case (no t  shown) was run   wi th   the  
wing  going to t h e   c e n t e r l i n e   o f   t h e   f u s e l a g e ,   t h e  results were e s s e n t i a l l y   t h e  
same as t h e   r e s u l t s   f r o m   r e f e r e n c e   1 0 .   T h i s   r e s u l t   s u g g e s t s   t h a t   p e r h a p s   t h e  
f u s e l a g e   c o n t r i b u t i o n s  are not   being  handled correctly. I n  a l l  cases, t h e   a d d i -  
t i o n  of a method to  calculate t h e   e f f e c t   o f   t h e   n a c e l l e s  on t h e   c o n f i g u r a t i o n  
would p r o b a b l y   i m p r o v e   t h e   t h e o r e t i c a l   p r e d i c t i o n s   s i n c e   t h e   e x p e r i m e n t a l   d a t a  
show tha t   t he   nace l l e s   t hemse lves   have  a large e f f e c t   o n   t h e  wing-body drag.  

I n   a d d i t i o n  to  t h e  comparisons which were made w i t h   t h e   t h e o r e t i c a l  meth- 
ods, a f u r t h e r   t h e o r e t i c a l   i n v e s t i g a t i o n  was undertaken.  Since t h e  jets i n   t h e  
e x p e r i m e n t a l   i n v e s t i g a t i o n  were s imula ted  by h i g h   p r e s s u r e  a i r ,  t h e   n a c e l l e  
i n l e t s  cou ld   no t  be s imulated  and  the nacelle forebodies were s m o o t h l y   f a i r e d  to 
a po in t .   The re  was sane c o n c e r n   t h a t   t h i s   f a i r i n g  would r e s u l t   i n   a n   u n r e a l i s -  
t i c  i n t e r f e r e n c e   e f f e c t  on the  wing-body  which  would t h u s   i n v a l i d a t e   t h e   d r a g  
r educ t ion  resul ts  f o u n d   d u r i n g   t h e   i n v e s t i g a t i o n .  To i n s u r e   t h a t   t h i s  was no t  
t h e  case, a three-dimensional  panel  aerodynamics  method was exe rc i sed .  (See 
re f .   19 . )  A number of c o n f i g u r a t i o n s  were examined by us ing   t h i s   me thod ,  
i nc lud ing   fu se l age   a lone ,   fu se l age   w i th   nace l l e s  and jets,  f u s e l a g e   w i t h  
nace l les   and  jets w i t h   t h e   n a c e l l e s   e x t e n d e d  far  forward  as c y l i n d e r s  to simu- 



l a te  t h e   i n l e t  stream-tube, wing-body wi th  mcelles and jets,  and  wing-body wi th  
n a c e l l e s  and jets w i t h   t h e   n a c e l l e s   e x t e n d e d  forward. T y p i c a l   f u s e l a g e   p r e s s u r e  
c o e f f i c i e n t   r e s u l t s  from t h i s   i n v e s t i g a t i o n  are shown i n   f i g u r e  22 f o r  6 = 15O 
and 165O f o r   b o t h   t h e   f u s e l a g e  and  wing-body c o n f i g u r a t i o n s  a t  M = 0.5 and 
c1 = 00. A s  can be s e e n   i n   t h e   r e g i o n  of the   fu se l age   where   t he re  is a forward- 
f a c i n g  area, t h e   p r e s s u r e  level  is higher   over  most o f   t h i s  area for t h e   c o n f i g -  
u ra t ions   w i th   t he   po in t ed -nose  nacelles than   fo r   t he   ex t ended   nace l l e s .   Th i s  
c o n d i t i o n  means t h a t   t h e   s u c t i o n  on the   fu se l age   nose  is less; hence ,   the   d rag  
o f   t he   con f igu ra t ion  is g r e a t e r   t h a n  i f  t h e   i n l e t  had  been i n  operat ion.   There-  
fore, t h e   d r a g   r e d u c t i o n s   f o u n d   d u r i n g   t h e   e x p e r i m e n t a l   i n v e s t i g a t i o n   s h o u l d  
a c t u a l l y  be conse rva t ive .  

CCNCLUDING  REMARKS 

The c u r r e n t   i n v e s t i g a t i o n  of the   e f f ec t   o f   ove r - the -wing   nace l l e s   on  w i n g -  
body   ae rodynamic   cha rac t e r . i s t i c s   has   i nd ica t ed  a number of s i g n i f i c a n t   r e s u l t s .  
Je t  ope ra t ion   has  a d e t r i m e n t a l   e f f e c t   o n  wing-body d rag  when compared wi th  jet- 
off l e v e l s   f o r   t h i s  type of conf igu ra t ion   a r r angemen t .  However, t h e   i n t e r f e r -  
ence   on   the  wing-body  due to the   p re sence   o f   t he  nacelles is b e n e f i c i a l  so t h a t  
i n  some cases t h e   d r a g   o f   t h e  wing-body wi th   nace l l e s  and jets o p e r a t i n g  is 
lower t h a n   t h a t  of t h e   b a s e l i n e  w i  ng-body. ( I t  should  be noted t h a t   t h e  
n a c e l l e s  were not  metric and, as such ,  it was impossible to a s c e r t a i n   t h e i r  
d i r e c t  effect .)  O f  t h e  c o n f i g u r a t i o n s   i n v e s t i g a t e d ,  t h e  one  with t h e  lowest 
drag  had the  n a c e l l e s   i n s t a l l e d  a t  x/D = 1 ,  2y/b = 0.5, and z/D = 1 where 
x,  y,  and z are t h e   a x i a l ,   s p a n w i s e ,  and v e r t i c a l   c o o r d i n a t e s ;  b is wing 
span;  and D is n a c e l l e   e x i t   d i a m e t e r .  O f  t h e   c o n f i g u r a t i o n s   i n v e s t i g a t e d  
a t  2y/b = 0.25,  t h e   c o n f i g u r a t i o n   w i t h  x/D = 1.5  and z/D = 1 ,  had t h e  lowest 
d r a g   i n   t h e   r a n g e   o f   t y p i c a l   c r u i s e   l i f t   c o e f f i c i e n t s .   C o n c u r r e n t   w i t h   t h e  
b e n e f i c i a l   e f f e c t s   o n  wing-body d r a g ,   t h e   e f f e c t s  of the   nace l l e s   on  wing-body 
l i f t  are g e n e r a l l y   m a l l  and b e n e f i c i a l  when compared w i t h  t h e   l i f t  of the   base -  
l i n e  wing-body.  The e f f e c t s  of t h e  nace l l e s   on  wing-body p i t c h i n g  moment are 
a l s o   g e n e r a l l y   s m a l l .   T h e r e f o r e ,  t h e  d r a g   b e n e f i t s  f ram t h i s   t y p e  of  conf  igura- 
t i on   a r r angemen t  may be accrued w i t h o u t  any  extreme trim drag   pena l ty .  R e s u l t s  
frcm t h e   t h e o r e t i c a l   p o r t i o n  of t h i s  i n v e s t i g a t i o n   i n d i c a t e   t h a t  t h e  t h e o r e t i c a l  
method  which u t i l i z e d  a q u a s i - v o r t e x - l a t t i c e   f o r  t h e  wing  and  wing-jet   in ter-  
a c t i o n   i n   c o m b i n a t i o n   w i t h  a j e t  en t ra inment  model gave   gene ra l ly   r ea sonab le  
p r e d i c t i o n s   o f   t h e   i n d u c e d   d r a g   c o e f f i c i e n t s   f o r   t h i s   t y p e   o f   c o n f i g u r a t i o n  
arrangement.  Also f u r t h e r   t h e o r e t i c a l   i n v e s t i g a t i o n   i n d i c a t e s   t h a t   t h e  drag 
reduc t ions   f rom  the   expe r imen ta l   da t a  are conse rva t ive .  

Langley  Research  Center  
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L-78-594 
(a)  Three-quarter  rear view  of  model. 

Figure 1 .- Wing-body model w i t h  nacelles and nacelle  supporting/translating 
apparatus  installed i n  the Langley 16-foot  transonic  tunnel. 
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(a)  V i e w s  of model. 

F igure  2.- Sketch of wing-body  model. A l l  dimensions are i n  centimeters. 
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F igu re  2 .- Continued. 
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(c) Rear view  showing pos i t ions  of n a c e l l e   e x i t s   i n  y and z i n   r e l a t i o n  
to fuselage and wing (wing shown a t  maximum thickness) .  

Figure 2 .- Continued. 



(d) Top view  showing positions of n a c e l l e   e x i t s   i n  x and y i n  
r e l a t i o n  to wing. 

Figure 2.-  Concluded. 
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Figure 3.- Wing-body aerodynamic characteristics for the 10 baseline runs with 
supprting/translating apparatus in positions corresponding to the 10 nacelle 
positions tested, each denoted by a different symbol. (Fairing is average; 
dashed line is with supporting/translating apparatus removed.) 
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Figure 3.- Concluded. 
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(a) M = 0.5. 

Figure 4.- Effect of nozzle  pressure ratio (NPR) on  wing-body aerodynamic charac- 
te r i s t ics  for the  configuration wi th  x/D = -1 , 2y/b = 0.25,  and z/D = 1.  
J.O. denotes j e t  off. 
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Figure 4.- Concluded. 
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Figure 5.- Effect of nozzle pressure ratio (NPR) on wing-body aerodynamic charac- 
teristics  for  the  configuration w i t h  x/D = 0, 2y/b = 0.25, and z/D = 1 .  
J.O. denotes je t   off .  
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(b) M = 0.8. 

Figure 5. - Concluded. 
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Figure 6.- Effect of nozzle  pressure ratio (NPR) on  wing-body aerodynamic charac- 
terist ics  for a typical  configuration (x/D = 1 ,  2y/b = 0.25, z/D = 1 ) .  J.O. 
denotes je t   off .  
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Figure 7.- Effect of nozzle  pressure  ratio (IWR) on  wing-body aerodynamic charac- 
terist ics  for the  configuration with x/D = 1.5, 2y/b = 0.25, and z/D = 1. 
J .O. denotes je t   off .  
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Figure 7.-  Concluded. 
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Figure 8.- Effect of nozzle pressure  ratio (NPR) on wing-body aerodynamic 
terist ics  for the  configuration wi th  x/D = 2, 2y/b = 0.25, and z/D = 
J .O. denotes je t   off .  
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Figure 9.- Effect of nozzle pressure  ratio (NPR) on  wing-body aerodynamic charac- 
teristics  for  the  configuration wi th  x/D = 3, 2y/b = 0.25, and z/D = 1 .  
J.O. denotes j e t  off. 
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Figure 9 . -  Concluded. 
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Figure 10.- Effect of nozzle pressure  ratio (NPR) on  wing-body aerodynamic charac- 
terist ics  for the  configuration wi th  x / D  = 0, 2y/b = 0.25, and z/D = 0.5. 
J.O. denotes je t   off .  
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Figure 10.-  Concluded. 
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Figure 11 .- Effect of nozzle pressure  ratio (NPR) on wing-body aerodynamic charac- 
teristics  for  the  configuration wi th  x/D = 0,  2y/b = 0.25, and z/D = 1.5. 
J.O. denotes jet   off .  
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Figure 12.- Effect of nozzle pressure  ratio (NPR) on  wing-body aerodynamic charac- 
terist ics  for the  configuration with x/D = 0,  2y/b = 0.5, and z/D = 1 .  
J.O. denotes je t   off .  
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Figure 13.- Effect of nozzle pressure  ratio (NPR) on  wing-body aerodynamic charac- 
teristics  for  the  configuration wi th  x/D = 1 ,  2y/b = 0.5, and z/D = 1 .  
J.O. denotes jet   off .  
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Figure 14.- E f f e c t   o f   n a c e l l e - e x i t   v e r t i c a l   l o c a t i o n  on  wing-body aerodynamic 
c h a r a c t e r i s t i c s   f o r   a n f i g u r a t i o n s   w i t h  x/D = 0 and 2y/b = 0.25. 
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Figure 15.- E f f e c t  of nace l le -ex i t   span   loca t ion  on  wing-body aerodynamic 
c h a r a c t e r i s t i c s  for conf igura t ions  w i t h  x/D = 0 and z/D = 1.  
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Figure 16.-  Effect of nacelle-exit span location on wing-body aerodynamic 
characteristics  for  configurations with x/D = 1 and z/D = 1 .  
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c h a r a c t e r i s t i c s  for conf igura t ions   wi th   2y /b  = 0.25 and z/D = 1.  
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Figure 78.- Effect of nace l le -ex i t   longi tudinal   locat ion on wing-body aerodynamic 
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Figure 18 .- Concluded. 
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